Primary and metastatic cancers that affect bone are frequently associated with severe and intractable pain. The mechanisms underlying the pathogenesis of bone cancer pain still remain largely unknown. Previously, we have reported that sensitization of primary sensory dorsal root ganglion (DRG) neurons contributes to the pathogenesis of bone cancer pain in rats. In addition, numerous preclinical and clinical studies have revealed the pathological roles of interleukin-6 (IL-6) in inflammatory and neuropathic hyperalgesia. In this study, we investigated the role and the underlying mechanisms of IL-6 in the development of bone cancer pain using in vitro and in vivo approaches. We first demonstrated that elevated IL-6 in DRG neurons plays a vital role in the development of nociceptor sensitization and bone cancer-induced pain in a rat model through IL-6/soluble IL-6 receptor (sIL-6R) trans-signaling. Moreover, we revealed that functional upregulation of transient receptor potential vanilloid channel type 1 (TRPV1) in DRG neurons through the activation of Janus kinase (JAK)/phosphatidylinositol 3-kinase (PI3K) signaling pathway contributes to the effects of IL-6 on the pathogenesis of bone cancer pain. Therefore, suppression of functional upregulation of TRPV1 in DRG neurons by the inhibition of JAK/PI3K pathway, either before surgery or after surgery, reduces the hyperexcitability of DRG neurons and pain hyperalgesia in bone cancer rats. We here disclose a novel intracellular pathway, the IL-6/JAK/PI3K/TRPV1 signaling cascade, which may underlie the development of peripheral sensitization and bone cancer-induced pain.
Introduction
Bone cancer pain has a strong impact on the quality of life of patients but is difficult to treat. The mechanisms underlying the development of bone cancer-induced pain are largely unknown. We have previously suggested that the sensitization of primary sensory dorsal root ganglion (DRG) neurons contributes to the pathogenesis of bone cancer pain in rats. 81 Inflammatory mediators released from damaged nerves and/or the tumor site are implicated in the sensitization of primary sensory neurons. 46, 61 Interleukin-6 (IL-6) is a proinflammatory cytokine known to be involved in several inflammatory and neuropathic hyperalgesia. 47, 59, 66, 72 An increase of IL-6 mRNA levels in the spinal cord is found in a rat model of bone cancer pain. 19 However, whether IL-6 contributes to the sensitization of DRG neurons and the development of bone cancer pain still remains unclear.
Interleukin-6 exerts its biological effect on target cells either through classic signaling by binding to membrane-bound receptor mIL-6R or through trans-signaling by binding to soluble receptor sIL-6R. 65 The binding of IL-6 to mIL-6R or sIL-6R induces homodimerization of glycoprotein 130 (gp130), a common signal transduction receptor subunit, resulting in activation of Janus kinase (JAK)/signal transducer and activator of transcription (STAT), mitogen-activated protein kinase (MAPK)/extracellular signalregulated kinases (ERKs) and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways. 20, 21, 52 The IL-6/gp130 complex has been shown to be involved in heat hypersensitivity by increasing transient receptor potential vanilloid channel type 1 (TRPV1) currents through the activation of Gab1/2/PI3K/Protein kinase C (PKC)-d signaling pathway both in vitro and in vivo. 2, 58 Upregulation of TRPV1 expression 24, 57, 60 and sensitization of TRPV1 channels 77 in DRG neurons are found to be associated with thermal hyperalgesia after cancer infiltration in rodents. Selective blockade of TRPV1 results in a significant attenuation of nociceptive behaviors in bone cancer pain models. 23, 35, 56 These findings support a role for TRPV1 in the pathogenesis of bone cancer pain. model of bone cancer pain was established by intratibial injection of syngeneic MRMT-1 rat mammary gland carcinoma cells as described in our previous studies. 44, 82 Briefly, after anesthetized with 10% chloral hydrate (0.3 g/kg, intraperitoneally [i.p.]), the left tibia of rat was carefully exposed and a 23-gauge needle was inserted in the intramedullary canal of the bone. It was then removed and replaced with a long, thin blunt needle attached to a 10-mL Hamilton syringe containing the medium to be injected. A volume of 4 mL MRMT-1 rat mammary gland carcinoma cells (4 3 10 4 ) or vehicle (PBS) was injected into the tibial bone cavity. After injection, the site was sealed with bone wax and the wound was finally closed. None of the animals showed sign of motor dysfunction after inoculation of tumor cells.
Behavioral studies
All behavioral experiments were performed blinded to treatment group.
Assessment of mechanical allodynia
Mechanical allodynia, as a behavioral sign of bone cancer pain, was assessed by measuring 50% paw withdrawal threshold (PWT) as described in our previous reports. 16, 29 The 50% PWT in response to a series of von Frey filament (Stoelting, Wood Dale, IL) was determined by the Up-and-Down method. 13 The rat was placed on a metal mesh floor covered with an inverted clear plastic cage and allowed a 20-minute period for habituation. Eight von Frey filaments with approximately equal logarithmic incremental (0.224) bending forces were chosen (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10g). Each trial started with a von Frey force of 2g delivered perpendicularly to the plantar surface of the left hind paw for about 2 to 3 seconds. An abrupt withdrawal of the foot during stimulation or immediately after the removal of the filament was recorded as a positive response. Whenever there was a positive or negative response, the next weaker or stronger filament was applied, respectively. This procedure was performed until 6 stimuli after the first change in response had been observed. The 50% PWT was calculated using the following formula: 50% PWT 5 10 ½Xf 1 kd , where X f is the value of the final von Frey filament used (in log units), k is a value measured from the pattern of positive/negative response, and d 5 0.224, which is the average interval (in log units) between the von Frey filaments. 17 If an animal responded to the lowest von Frey filament, a value of 0.25g was assigned. If an animal did not respond to the highest von Frey filament, the value was recorded as 15.0g. In rats, mechanical allodynia is assessed by measuring the 50% PWT to von Frey filaments, and an allodynic rat is defined as that the 50% PWT is ,4.0g (ie, withdrawal in response to nonnoxious tactile stimulus). 85 
Assessment of thermal hyperalgesia
Thermal hyperalgesia of the hind paws was tested as described by our previous studies. 44, 45 Rats were allowed to acclimate for a minimum of 30 minutes within acrylic enclosures on a clear glass plate maintained at 30˚C. A radiant heat source was focused onto the plantar surface of the hind paw. Measurement of paw withdrawal latency (PWL) was taken by a timer that was started by the activation of the heat source and stopped when withdrawal of the paw was detected with a photodetector. A maximal cutoff time of 30 seconds was used to prevent unnecessary tissue damage. Three measurements of PWL were taken for ipsilateral hind paw and were averaged as the result of each test session. The hind paw was tested with greater than 5-minute intervals between consecutive tests.
Implantation of intrathecal catheter
Under chloral hydrate (0.3 g/kg, i.p.) anesthesia, implantation of an intrathecal cannula was performed following our previous methods. 22, 63 Briefly, a PE-10 polyethylene catheter was implanted between the L5 and L6 vertebrae to reach the lumbar enlargement of the spinal cord. The outer part of the catheter was plugged and fixed onto the skin on closure of the wound. All surgical procedures were performed under sterile conditions. Rats showing neurological deficits after the catheter implantation were euthanized. Drugs or vehicles were intrathecally injected through the implanted catheter in a 10-mL volume of solution followed by 10 mL of vehicle for flushing. Each injection lasted at least 5 minutes. After an injection, the needle remained in situ for 2 minutes before being withdrawn.
Measurement of drug effects on pain behaviors
The first behavioral experiment was performed to examine whether FIL-6, a fused IL-6/sIL-6R complex (ie, a mixture of IL-6 together with sIL-6R) could mimic pain hypersensitivity in normal rats. Effects of intrathecal administration of FIL-6 (100 ng in a 10-mL volume) on ipsilateral PWT responding to von Frey filaments and PWL to radiant heat stimuli were measured just before drug injection and then were measured at 0.5, 1, 12, 24, and 48 hours after drug injection, respectively. We used a higher dose of FIL-6 (100 ng in a 10-mL volume) for the purpose of observing the long-lasting effects (48 hours) of IL-6 on pain behaviors as described in previous studies. 7, 66, 73 It has been shown that a lower dose of IL-6 (10 ng/mL) is also sufficient to induce heat hyperalgesia in rats 36 ; however, its maximal action of 2 hours is not suitable for examining the long-term effects of IL-6. In fact, our preliminary data revealed that the longest effect of FIL-6 on pain behaviors is merely 2 hours after an intrathecal dose of 10 ng/mL and 6 hours after an intrathecal does of 50 ng/mL (supplementary data, Fig. S1 , available online as Supplemental Digital Content at http://links.lww.com/PAIN/A62). To determine by which signaling pathway (classic signaling or trans-signaling) FIL-6 exerts its influence on pain behaviors, soluble gp130 (sgp130, 100 ng/10 mL), a potent IL-6/sIL-6R trans-signaling inhibitor, was intrathecally administrated to rats 30 minutes before FIL-6 application, and the same behavioral test was measured as described above.
The second behavioral experiment was conducted to explore whether IL-6 contributes to the development of bone cancerinduced pain through a trans-signaling pathway. Effects of pretreatment or posttreatment with sgp130 (a potent IL-6/sIL-6R trans-signaling inhibitor) on bone cancer-induced pain were examined in MRMT-1 rats, respectively. In the pretreatment experiments, sgp130 (100 ng/10 mL) was intrathecally administrated to MRMT-1 rats once per day from day 7 to day 13 after tumor cell inoculation, based on our previous findings that animals displayed no significant pain hypersensitivity at day 7 after tumor cell inoculation. 81 The ipsilateral PWT and PWL of animals were measured on day 14 after tumor cell inoculation. In the posttreatment experiments, sgp130 (100 ng/10 mL) was intrathecally administrated to MRMT-1 rats once per day from day 15 to day 17 after tumor cell inoculation, based on the previous reports that stable mechanical allodynia and thermal hyperalgesia were both seen at day 15 after tumor cell inoculation. 81 The ipsilateral PWT and PWL of rats were measured on the day before inoculation surgery (day 0) as the baseline and were then evaluated on the day before drug application (14 days after surgery, day 14) and on day 3 after drug injection (18 days after surgery, day 18), respectively.
To further clarify whether the activation of TRPV1 through JAK/ PI3K signaling pathway was involved in FIL-6-mediated pain hypersensitivity, we also performed behavioral experiments to investigate the effects of AG490 (a JAK inhibitor), LY294002 (a PI3K inhibitor), and capsazepine (CPZ, a TRPV1 receptor inhibitor) on FIL-6-evoked mechanical allodynia and thermal hyperalgesia in normal rats, respectively. AG490 (10 nmol), LY294002 (10 nmol), or CPZ (20 mg) in a 10-mL volume was intrathecally administrated to rats 30 minutes before FIL-6 (100 ng/10 mL) application. The effects of each inhibitor on FIL-6-evoked mechanical allodynia and thermal hyperalgesia were measured just before FIL-6 injection and were then measured at 0.5, 1, 12, 24, and 48 hours after FIL-6 injection, respectively.
Next, we conducted behavioral experiments to determine whether inhibition of TRPV1 receptors in DRG neurons with CPZ would attenuate the bone cancer-induced pain hypersensitivity in MRMT-1 rats. CPZ (20 mg) in a 10-mL volume was intrathecally delivered to cancer rats twice per day from day 15 to day 17 after tumor cell inoculation. The ipsilateral PWT and PWL of rats were tested on the day before inoculation surgery (day 0, designated as the baseline) and were then evaluated on the day before drug application (14 days after surgery, day 14) and on days 3, 4, and 5 after the first drug injection (ie, 18, 19, and 20 days after surgery, days 18, 19, and 20) , respectively.
Furthermore, we performed behavioral experiments to study whether the JAK/PI3K signaling pathway was associated with the development of bone cancer pain. Effects of pretreatment or posttreatment with the JAK/PI3K pathway inhibitor on bone cancer-induced pain were examined in MRMT-1 rats, respectively. In the pretreatment experiments, JAK inhibitor AG490 (10 nmol) or PI3K inhibitor LY294002 (10 nmol) in a 10-mL volume was intrathecally administrated to MRMT-1 rats once per day from day 7 to day 13 after tumor cell inoculation, based on our previous findings that animals displayed no significant pain hypersensitivity at day 7 after tumor cell inoculation. 81 The ipsilateral PWT and PWL of rats were measured on day 14 after tumor cell inoculation. In the posttreatment experiments, AG490 (10 nmol) or LY294002 (10 nmol) in a 10-mL volume was intrathecally administrated to MRMT-1 rats once per day from day 15 to day 17 after tumor cell inoculation, based on the previous reports that both stable mechanical allodynia and thermal hyperalgesia were seen at day 15 after tumor cell inoculation. 81 The ipsilateral PWT and PWL of rats were measured on the day before inoculation surgery (day 0) as the baseline and were then evaluated on the day before drug application (14 days after surgery, day 14) and on day 3 after drug injection (18 days after surgery, day 18), respectively.
In addition, to determine whether there is a role for these signaling pathways (IL-6/JAK/PI3K/TRPV1) at the peripheral terminals of DRG neurons in bone cancer-induced hyperalgesia, we performed 2 additional experiments that examined the effects of all inhibitors used for these signaling pathways (eg, sgp130 [an IL-6 trans-signaling pathway inhibitor], AG490 [a JAK inhibitor], LY294002 [a PI3K inhibitor], and capsazepine [CPZ, a TRPV1 receptor inhibitor]), on IL-6-and bone cancer-induced pain hypersensitivity by intraplantar injection of each inhibitor. In the first experiments, sgp130 (100 ng), AG490 (10 nmol), LY294002 (10 nmol), or CPZ (20 mg) in a 10-mL volume was intraplantarly delivered to normal rats 30 minutes before FIL-6 (100 ng/10 mL) application. The effects of each inhibitor on FIL-6-evoked mechanical allodynia and thermal hyperalgesia were measured just before FIL-6 injection and were then measured at 1, 24, and 48 hours after FIL-6 injection, respectively (see supplementary data, Fig. S2 available online as Supplemental Digital Content at http://links.lww.com/PAIN/A63). In the second experiments, sgp130 (100 ng), AG490 (10 nmol), LY294002 (10 nmol), or CPZ (20 mg) in a 10-mL volume was intraplantarly delivered to cancer rats once per day from day 7 to day 13 after tumor cell inoculation, based on our previous findings that animals displayed no significant pain hypersensitivity at day 7 after tumor cell inoculation. 81 The ipsilateral PWT and PWL of the animals were measured on days 14, 16, and 18 after tumor cell inoculation (see supplementary data, Fig. S3 available online as Supplemental Digital Content at http://links.lww.com/PAIN/A64).
Assessment of locomotor function
The inclined plate test was used for the assessment of locomotor function. Each rat was placed crosswise to the long axis of an inclined plate. The initial angle of the inclined plate was 50˚. The angle was then adjusted in 5˚increments. The maximum angle of the plate on which the rat maintained its body position for 5 seconds without falling was determined according to the method reported by Rivlin and Tator. 64 In this study, inclined plate test was performed for all behavioral experiments in which the animals received intrathecal drugs.
Primary culture and acute dissociation of dorsal root ganglion neurons
Primary culture of DRG neurons was performed according to the modified method described by Natura et al. 53 In brief, rats (age, 2-3 weeks) were euthanized with ether and DRG were dissected from lumbar spinal segments. The DRG were digested with collagenase type IA (3 mg/mL, Sigma) for 45 minutes and 0.25% trypsin (Type II-S, Sigma-Aldrich) for another 12 minutes at 37˚C. After terminating the enzymatic treatment by Dulbecco's modified Eagle medium plus 10% fetal bovine serum, ganglia were dissociated with a polished Pasteur pipette and the suspension of ganglia was sieved through a filter to remove debris and centrifugated at 800 rpm for 2 minutes. The resuspended cells were plated on 35-mm dishes coated with poly-D-lysine (0.5 mg/mL, Sigma-Aldrich), kept for 3 hours, and replaced with Neurobasal growth medium containing B27 supplement, 0.5 mM L-GlutaMAX (Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were kept at 37˚C in an incubator with 5% CO 2 and 95% air. Cultures were fed daily with Neurobasal growth medium containing B27 supplement. These primary cultured DRG neurons were prepared for the treatment of FIL-6 (cultured with FIL-6 or FIL-6 plus different inhibitors) to investigate short-term (10-90 minutes) and longterm (6-48 hours) effects of FIL-6 on functional TRPV1 expression.
Acute dissociation of DRG neurons was performed as described in our previous reports. 44, 82 In brief, neurons were isolated from L4 and L5 DRG of adult rats and were digested using the same procedure as described for cell culturing above. The dissociated cells were placed on poly-D-lysine (0.5 mg/mL, Sigma)-treated glass coverslips contained within 4-well sterile tissue culture plates and kept in 5% CO 2 incubator at 37˚C for 2 to 3 hours before patch-clamp recording or FIL-6 treatment. These acutely isolated DRG neurons obtained from adult normal rats and the bone cancer rats with different treatments were used for transient electrophysiological studies. Under deep anesthesia with 10% chloral hydrate (0.3 g/kg, i.p.), the rat L4-L5 DRG and the liver tissue were removed and immediately homogenized in ice-chilled lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% NP40 (Sigma-Aldrich), 0.5% sodium deoxycholate (Sigma-Aldrich), 0.1% sodium dodecyl sulfate (SDS), and protease inhibitor cocktail (Roche, Indianapolis, IN). In some experiments, the cultured DRG neurons were also lysed with the same lysis buffer. Then, the homogenates were centrifuged at 12,000 rpm for 10 minutes at 4˚C, and the supernatant was analyzed. The concentration of protein was measured with a BCA assay kit (Pierce), and an equal amount of protein samples was denatured and then analyzed by Western blot.
Membrane protein preparation
Preparation of membrane fraction was performed in DRG neurons as previously described. 71 In brief, L4 and L5 DRG were homogenized in a glass dounce in ice-chilled lysis buffer containing 0.3 M sucrose, 10 mM Tris (pH 8.1), 2 mM EDTA, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and protease inhibitor cocktail (Roche). Homogenates were kept on ice for 1 hour before centrifugation at 1000g for 7 minutes at 4˚C to remove nuclei and intact cells. The pellet was rehomogenized and spun again under the same conditions. The supernatants from the 2 low-speed spins were combined and centrifuged at 120,000g for 1 hour at 4˚C. The pellet, containing the total membrane fraction, was suspended in 0.2 M KCl and 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, pH 7.4). To solubilize the membrane fraction, an equal volume of 5% Triton X-100 and 10 mM HEPES (pH 7.4) was added to the sample, and the suspension was kept on ice for 1 hour. The unsolubilized material was pelleted by centrifugation at 10,000g for 10 minutes at 4˚C, and the supernatant was analyzed by Western blot.
Surface protein biotinylation
Cell surface biotinylation was performed in DRG neurons as described in our previous study. 44 Briefly, the cultured DRG neurons were washed with cold PBS and then incubated in PBS containing 800 mg/mL Sulfo-NHS-LC-biotin (Pierce) for 45 minutes at 4˚C to biotinylate surface proteins. After stopping the reaction with cold PBS containing 1 mM glycine, cells were lysed in buffer containing 0.1% Triton X-100, 0.1% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), and protease inhibitor cocktail (Roche). Cell debris was removed by centrifugation at 12,000 rpm for 10 minutes at 4˚C. One hundred fifty micrograms of cell lysates were incubated with 30 mL immobilized NeutrAvidin Agarose (Pierce) at 4˚C overnight. Then, agarose pellets were washed for 5 times in lysis buffer. Finally, biotinylated surface proteins were eluted from agarose beads by boiling at 95˚C for 5 minutes in SDS sample buffer.
Western blot
Equal amounts of protein samples (20 mg) were denatured and then separated through SDS-polyacrylamide gel electrophoresis using 10% running gels and transferred to a polyvinylidene difluoride filter membrane (Bio-Rad, Hercules, CA). After blocking with 5% nonfat milk in Tris-buffered saline and Tween (TBST) (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween-20) for 60 minutes at room temperature, the membrane was, respectively, incubated with the following primary antibodies at 4˚C overnight: rabbit anti-rat IL-6 (1:300, Sigma-Aldrich), rabbit anti-rat IL-6R (1:500, Santa Cruz Biotechnology), rabbit anti-rat gp130 (1:500, Santa Cruz Biotechnology), rabbit anti-rat TRPV1 (1:200, Santa Cruz Biotechnology), rabbit anti-AKT (1:1000, Cell signaling Technology), rabbit anti-phosphorylated-AKT (Ser473) (1:1000, Cell signaling Technology), mouse anti-rat transferrin receptor (TfR, 1:1000, Life Technologies), and mouse anti-rat b-actin (1:2000, Santa Cruz Biotechnology). The blots were washed in TBST and then were incubated in horseradish peroxidase-conjugated goat anti-rabbit/mouse IgG secondary antibody (Santa Cruz Biotechnology). Protein bands were visualized using an enhanced chemiluminescence detection kit (Pierce) followed by autoradiography using Hyperfilm MP (Santa Cruz Biotechnology). The standardized ratio of IL-6, sIL-6R, gp130, or total TRPV1 to b-actin band density, or membrane TRPV1 to transferrin receptor, was used to calculate the alteration of corresponding protein expression.
Reverse transcription polymerase chain reaction and quantitative real-time polymerase chain reaction assay
Total RNA was extracted with TRIzol reagent (Life Technologies) according to the manufacturer's instructions. RNA (1 mg) was used for reverse transcription with MMLV reverse transcriptase (Takara, Tokyo, Japan). Template (1 mL) was amplified by polymerase chain reaction (PCR) with Taq DNA polymerase (Takara) in 25 mL total reaction volume containing 0.5 mM PCR primer as indicated. Polymerase chain reaction amplification consisted of 30 seconds at 94˚C, 45 seconds at 56˚C, and 30 seconds at 72˚C for 32 cycles. Polymerase chain reaction products were separated in 2% agarose gel, stained by ethidium bromide, and visualized under ultraviolet light.
Quantitative real-time PCR was performed on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) with SYBR Premix Ex Taq II (Takara). In brief, a 20-mL PCR reaction was used that included 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 200 mM dNTPs, 1.5 IU Taq DNA polymerase (Takara), 0.4 3 SYBR Green 1 (Invitrogen), and 0.15 mM of each primer. b-actin in parallel for each run was used as an internal control. A 4-step experimental run protocol was used, and the amplification conditions were as follows: 95˚C for 10 minutes (initial denaturation), 35 cycles of 25 seconds at 95˚C (denaturation), 45 seconds at annealing temperature, 30 seconds at 72˚C (elongation), and 8 seconds at fluorescence measurement temperature (60˚C). Relative quantification of the expression of genes was calculated using the 2 2(DDCt) method, where the Ct value is the cycle number at which the fluorescence signal crosses the threshold. The DCt was the difference between the PCR product and its internal control (b-actin). The DDCt was the difference between the naive group and the other 2 groups. Data are expressed as 2 2(DDCt) , that is, the fold change in IL-6R, gp130, or TRPV1 mRNA.
The following primers were used for reverse transcription or real-time PCR reactions: IL-6R, 59-ATGGACTACCACGGGAAA-CAC-39 (forward) and 59-TTGGATGCCACTCACAAAAGG-39 (reverse); gp130, 59-TCAACTTGTGGAACCATGTGG-39 (forward) and 59-TCCAACTGACACAGCATGTTC-39 (reverse); TRPV1, 59-GACATGCCACCCAGCAGG-39 (forward) and 59-TCAATTCCCACACACCTCCC-39 (reverse); b-actin, 59-AGC-CATGTACGTAGCCATCC-39 (forward) and 59-GCCATCTCTT GCTCGAAGTC-39 (reverse).
Whole-cell patch-clamp recordings
Whole-cell patch-clamp recordings were performed on acutely dissociated DRG neurons at room temperature using an EPC-10 amplifier with Patch-Master software (HEKA, Freiburg, Germany). Patch pipettes were pulled from borosilicate glass capillaries with a tip resistance of 5 to 8 MV when filled with an internal solution containing (in millimoles) 100 KCl, 10 ethylene glycol tetraacetic acid (EGTA), 40 HEPES, 5 MgCl 2 , and 1 Na 2 ATP, adjusted to pH 7.3 with KOH. The external solution contained (in millimoles) 128 NaCl, 5.4 KCl, 1.8 CaCl 2 , 5 MgCl 2 , 5.55 glucose, and 20 HEPES, adjusted to pH 7.4 with NaOH. Drugs were prepared in the external solution and delivered by a RSC-200 rapid solution changer system (Bio-Logic Science Instruments, Grenoble, France). Membrane currents and voltage were measured with both pipette and membrane capacitance cancellation, filtered at 2 kHz, and digitized at 10 kHz. Resting membrane potential (RMP) was measured immediately after rupture of the cell membrane in whole-cell patch mode.
Under current-clamp recording, the cells were held at 0 pA, and the firing threshold of DRG neurons was first measured by a series of 100-millisecond depolarizing current injection in 5-pA steps from 0 pA to elicit the first action potential (AP). To further examine the firing properties of neurons, a large depolarizing current of 500 milliseconds and 300 pA was delivered to the cell to ensure that all recorded neurons could be evoked sufficient firing, and the evoked discharges were elicited under an equal depolarizing current pulse. 81, 82 We have demonstrated that this depolarizing current pulse (500 milliseconds, 300 pA) could evoke AP firing in all recorded DRG neurons in our preliminary experiments. In this study, we measured RMP, rheobase, threshold of AP (TP), and frequency of AP to evaluate intrinsic electrophysiological properties of cells.
Under voltage-clamp recording, cells were clamped at 270 mV, and series resistance was compensated from 70% to 90%. The membrane capacitance was read from the amplifier by Patch-Master software (HEKA) for determining the size of cells and calculating the current density. In this study, we applied capsaicin-evoked TRPV1 current for the identification of nociceptive DRG neurons in all electrophysiological experiments, and only the neurons expressing TRPV1 current were used for further statistical analyses. The agonist-evoked TRPV1 currents were measured by application of capsaicin (CAP, 0.5 mM for 3 seconds) to each recorded cells. Origin software 8.5 (OriginLab Corporation, Northampton, MA) was used for data analysis.
Statistical analysis
Statistical analyses were performed with GraphPad Prism 5 for Windows (GraphPad Software, La Jolla, CA). All data are expressed as mean 6 SEM. A 2-tailed unpaired t test was used for the comparison of the mean values between 2 groups. Oneway analysis of variance (ANOVA) followed by Dunnett multiple comparison test or 2-way ANOVA followed by Bonferroni post hoc test was used for multiple comparison. Differences with P , 0.05 were considered statistically significant.
Results

Upregulation of IL-6 and its receptors in the dorsal root ganglia of bone cancer rats
Production of IL-6 after bone destruction or nerve injury has been found in both patients with rheumatoid arthritis and neuropathic rats. 1, 76 To determine whether IL-6 plays a role in the development of bone cancer pain, we first examined the alteration of IL-6 in the DRG of bone cancer rats using Western blot assay. As shown in Figure 1A , expression of IL-6 in ipsilateral L4 and L5 DRG was statistically increased from day 7 (1.12 6 0.06 MRMT-1 vs 0.79 6 0.08 sham, P , 0.01) to day 21 (1.19 6 0.05 MRMT-1 vs 0.96 6 0.06 sham, P , 0.05) in MRMT-1 rats compared with sham rats (2-way ANOVA, n 5 6). It is well known that IL-6 exerts its biological effect on target cells either through classic signaling by binding to mIL-6R or through trans-signaling by binding to sIL-6R, thereafter inducing homodimerization of gp130 as a common signal transduction receptor. 65 We hence explored whether these IL-6 receptors (IL-6R) were expressed in rat DRG using reverse transcription PCR and Western blot approaches. We found that the expression of IL-6R mRNA was almost not detectable either in naive or in sham rat DRG, whereas in MRMT-1 rat DRG as well as in a positive control of the liver tissue, high expression of IL-6R mRNA was clearly observable (Fig. 1B-a) . Moreover, we discovered that soluble IL-6 receptor (sIL-6R) but not membrane-bound IL-6 receptor (mIL-6R) was detected in the DRG among naive, sham, Figure 1 . Expression of interleukin-6 (IL-6) and IL-6 receptors in the dorsal root ganglia (DRG) of bone cancer rats. (A), Western blot of IL-6 expression in ipsilateral L4 and L5 DRG. Upper: representative of Western blot bands; lower: analysis of the relative intensity of IL-6. b-actin is used as an internal control. Note that the expression of IL-6 is increased significantly from day 7 to day 21 in mammary rat metastasis tumor (MRMT-1) rats compared with sham rats. *P , 0.05, **P , 0.01, ***P , 0.001, 2-way analysis of variance (ANOVA), n 5 6 per group. and MRMT-1 rats, while as positive controls, both forms of IL-6R (ie, mIL-6R and sIL-6R) could be detected in the liver tissue (Fig.  1B-b) . These results suggest that IL-6 plays its roles in the DRG likely through trans-signaling by binding to sIL-6R. Furthermore, we investigated the changes of sIL-6R and the common signal transduction receptor gp130 in the DRG of bone cancer rats. Using Western blot assay, we found that the expression of sIL-6R protein in ipsilateral L4 and L5 DRG was remarkably increased from day 14 (1.19 6 0.08 MRMT-1 vs 0.95 6 0.03 sham, P , 0.01) to day 21 (1.20 6 0.06 MRMT-1 vs 0.93 6 0.02 sham, P , 0.01) in MRMT-1 rats in contrast to sham rats (2-way ANOVA, n 5 7) (Fig. 1C) . Similarly, the expression of gp130 protein was also markedly increased from day 14 (1.24 6 0.08 MRMT-1 vs 0.95 6 0.03 sham, P , 0.05) to day 21 (1.24 6 0.03 MRMT-1 vs 0.98 6 0.06 sham, P , 0.05) in MRMT-1 rats compared with sham rats (2-way ANOVA, n 5 7) (Fig. 1D) . Additionally, using quantitative real-time PCR assay, we observed that in line with its protein expression, the IL-6R mRNA level was also dramatically increased from day 14 (2.85 6 0.64 MRMT-1 vs 1.14 6 0.24 sham, P , 0.05) to day 21 (3.27 6 0.76 MRMT-1 vs 1.03 6 0.05 sham, P , 0.001) in MRMT-1 rats in contrast to sham rats (2-way ANOVA, n 5 5) (Fig. 1E) . Unexpectedly, no significant difference was found in gp130 mRNA expression between the MRMT-1 rats and the sham rats (P . 0.05, 2-way ANOVA, n 5 6) (Fig. 1F) .
FIL-6 induces overexcitability of nociceptive dorsal root ganglion neurons and pain hypersensitivity in normal rats
To investigate whether increased IL-6 and sIL-6R contributed to the pathogenesis of bone cancer-induced pain, we first evaluated the effects of extraneous application of FIL-6 (a mixture of IL-6 [50 ng/mL] together with sIL-6R [50 ng/mL] that has been widely used in previous studies 31, 32, 67 ) on excitability of nociceptive DRG neurons and pain behaviors in normal rats. Using wholecell patch-clamp recording techniques, we found that FIL-6 could induce overexcitability of nociceptive DRG neurons acutely isolated from normal rats. The nociceptive DRG neurons were identified by capsaicin (CAP, 0.5 mM for 3 seconds)-evoked TRPV1 current as described in the Methods section. As shown in Figures. 2A-B , after incubating the cells with FIL-6 (50 ng/mL) for 10 minutes, the discharge frequency (spikes per 500 milliseconds) of TRPV1 current-positive DRG neurons (named as nociceptive DRG neurons in the following text) evoked by a 500-millisecond 300 pA depolarizing current was remarkably increased in the FIL-6-treated group (12.42 6 2.24, n 5 20) as compared with the vehicle PBS-treated group (3.86 6 0.85, n 5 21) (P , 0.01, 1-way ANOVA). As expected, the effect of FIL-6 on spike frequency of DRG neurons was almost completely blocked by sgp130 (50 ng/mL), a potent inhibitor of IL-6/sIL-6R complex that has been widely used for the blockade of IL-6/sIL-6R trans-signaling pathway 10, 12, 32, 65 (5.78 6 1.99 sgp130 1 FIL-6 vs 12.42 6 2.24 FIL-6, P , 0.05, 1-way ANOVA, n 5 18: sgp130 1 FIL-6 and 20: FIL-6, Fig. 2B ).
Moreover, we examined the following intrinsic properties of nociceptive DRG neurons including rheobase (the minimal current pulse required for triggering an AP), RMP, and TP (the voltage threshold for triggering an AP), which are well known to be associated with neuronal excitability. We found that all these intrinsic electrogenic properties of nociceptive DRG neurons were prominently altered after the treatment of FIL-6 to DRG neurons (Figs. 2C-F) . For instance, in contrast to the control PBS-treated cells, the FIL-6-treated nociceptive DRG neurons showed more depolarized RMP (246.11 6 0.97 mV FIL-6 vs 251.90 6 1.55 mV PBS, P , 0.01, n 5 18 FIL-6 and 20 PBS, Figs. 2C  and F) . Similarly, all these effects of FIL-6 on the intrinsic electrogenic properties of nociceptive DRG neurons were robustly blocked by sgp130 (50 ng/mL), a potent inhibitor of IL-6/sIL-6R complex (P , 0.05-0.001, sgp130 1 FIL-6 vs FIL-6, 1-way ANOVA, Figs. 2C to F) .
In addition, the behavioral studies revealed that intrathecal administration of FIL-6 (100 ng/10-mL) produced both mechanical allodynia and thermal hyperalgesia in normal rats, and all these effects of FIL-6 could be blocked by its potent inhibitor sgp130 (100 ng/mL) (Figs. 2G-H) . The ipsilateral PWT responding to von Frey filaments was significantly decreased in FIL-6-treated rats (5. (Fig. 2G) . Similarly, the ipsilateral PWL responding to radiant heat stimuli also was markedly decreased in FIL-6-treated rats (9.94 6 0.81 seconds and 11.19 6 1.08 seconds at 1 hour and 24 hours postdrug, respectively) as compared with PBS-treated rats (14.88 6 0.96 seconds and 15.01 6 0.75 seconds at 1 hour and 24 hours postdrug, respectively, P , 0.001) or sgp130 1 FIL-6-treated rats (13.58 6 0.97 seconds and 14.57 6 0.89 seconds at 1 hour and 24 hours postdrug, respectively, P , 0.05) (Fig. 2H) . As evaluated by the inclined-plate test, no apparent motor dysfunction was observed after intrathecal administration of the above each drugs (data not shown). These data imply that extraneous application of FIL-6 induces alterations of intrinsic electrogenic properties of nociceptive DRG neurons through IL-6/sIL-6R trans-signaling pathway, thereby leading to overexcitability (ie, sensitization) of primary sensory neurons and pain hypersensitivity in normal rats.
3.3. Inhibition of IL-6/sIL-6R trans-signaling by sgp130 reduces dorsal root ganglion neurons hyperexcitability and attenuates pain hypersensitivity in bone cancer rats To further validate whether or not the IL-6/sIL-6R trans-signaling is involved in the development of bone cancer-induced pain through the induction of DRG neurons hyperexcitability in bone cancer rats, we investigated the effects of both pretreatment and posttreatment with sgp130, a potent IL-6/sIL-6R trans-signaling inhibitor, on DRG neurons excitability and pain behaviors in bone cancer rats. As shown in Figures 3A-D , pretreatment with sgp130 (100 ng/10 mL, once per day from day 7 to day 13 after inoculation surgery) could significantly prevent the bone cancerinduced hyperexcitability of DRG neurons and pain hypersensitivity in MRMT-1 rats. The bone cancer-induced increase in spike numbers of AP evoked by a 500-millisecond 300 pA depolarizing current pulse was prominently inhibited in MRMT-1 1 sgp130 rats (2.92 6 1.15, n 5 24) compared with MRMT-1 1 PBS rats (9.45 6 2.14, n 5 20) (P , 0.01, 1-way ANOVA, Fig. 3B) . Similarly, the bone cancer-induced decreases in both PWT and PWL were also dramatically prevented in MRMT-1 1 sgp130 rats (PWT: 11.86 6 1.00g, n 5 7; PWL: 13.43 6 0.85 seconds, n 5 8) compared with MRMT-1 1 PBS rats (PWT: 5.30 6 0.71g, n 5 6; PWL: 8.90 6 0.43 seconds, n 5 7) (P , 0.001, 1-way ANOVA, Figure 2 . FIL-6 induces both neuronal hyperexcitability in acutely dissociated dorsal root ganglion (DRG) neurons and pain hypersensitivity in normal rats. (A), Representative traces of action potential (AP) discharges evoked by a 500-millisecond 300 pA depolarizing current pulse delivered to phosphate-buffered saline (PBS)-, FIL-6-, and sgp130 1 FIL-6-treated DRG neurons. Scale bar: 50 mV, 0.1 seconds. (B), Analysis of the evoked AP numbers. Note that the number of the evoked AP is significantly increased in the FIL-6-treated group compared with the PBS-treated group, while sgp130 blocks all these actions of FIL-6. *P , 0.05, **P , 0.01, 1-way analysis of variance (ANOVA), n 5 21 (PBS), 20 (FIL-6), and 18 (sgp130 1 FIL-6). (C), Representative traces of the first AP evoked by a series of step depolarizing current (100 milliseconds, in 5-pA steps from 0 pA) delivered to PBS-, FIL-6-and sgp130 1 FIL-6-treated DRG neurons. (D-F) , Summary of the rheobase (D), the resting membrane potential (E), and the threshold of AP (TP) (F). Note that the rheobase is decreased and the TP is declined, while the resting membrane potential is more depolarized in FIL-6-treated neurons compared with PBS-treated neurons, and the sgp130 almost completely blocks all these actions of FIL-6. *P , 0.05, **P , 0.01, ***P , 0.001, 1-way ANOVA, n 5 20 (PBS), 18 (FIL-6), and 19 (sgp130 1 FIL-6). (G and H), Effects of intrathecal administration of FIL-6 or sgp130 plus FIL-6 on the mechanical allodynia (G) and thermal hyperalgesia (H) of normal rats. Note that FIL-6 induces a significant decrease both in the paw withdrawal threshold and the paw withdrawal latency compared with the vehicle group, and sgp130 dramatically blocks the FIL-6-induced mechanical allodynia and thermal hyperalgesia. *P , 0.05, **P , 0.01, ***P , 0.001, compared with the PBS group; *P , 0.05, **P , 0.01, ***P , 0.01, compared with the sgp130 1 FIL-6 group, 2-way ANOVA, n 5 11 (PBS), 10 (FIL-6), and 8 (sgp130 1 FIL-6). Figs. 3C-D) . Meanwhile, we found that posttreatment with sgp130 (100 ng/10 mL, once per day from day 15 to day 17 after inoculation surgery) could attenuate the bone cancer-induced hyperexcitability of DRG neurons and the bone cancer-induced pain hypersensitivity in MRMT-1 rats (Figs. 3E-H) . For instance, the bone cancer-induced increase in evoked discharges was markedly inhibited in MRMT-1 1 sgp130 rats (3.40 6 1.05, n 5 26) compared with MRMT-1 1 PBS rats (9.21 6 1.84, n 5 24) (P , 0.01, 1-way ANOVA, Fig. 3F) . Accordantly, the bone cancer-induced decreases in both PWT and PWL were also obviously restored in MRMT-1 1 sgp130 rats (PWT: 11.84 6 0.95g, n 5 7; PWL: 12.51 6 0.75 seconds, n 5 6) compared with MRMT-1 1 PBS rats (PWT: 5.07 6 0.71g, n 5 7; PWL: 7.62 6 0.78 seconds, n 5 7) (P , 0.001, 1-way ANOVA, Figs. 3G-H ). These results demonstrate that inhibition of IL-6/sIL-6R trans-signaling by sgp130 suppresses the bone cancer-induced hyperexcitability of DRG neurons and pain hypersensitivity in MRMT-1 rats, implying that the IL-6/sIL-6R trans-signaling is involved in the pathogenesis of bone cancer-induced pain through the induction of DRG neurons hyperexcitability in bone cancer rats.
FIL-6 induces functional upregulation of TRPV1 in dorsal root ganglion neurons through the activation of JAK/PI3K signaling pathway, which is involved in FIL-6-mediated pain hypersensitivity in normal rats
To determine the downstream target on which the enhanced IL-6 in DRG neurons exerts its effects for the development of bone cancer pain, we focused on TRPV1, a transient receptor potential vanilloid channel type 1, that can be potentiated by IL-6/gp130 ligand receptor complex 2, 58 and is well documented to be involved in the pathogenesis of various persistent pain. 8, 33, 42, 60, 68 First, we investigated whether IL-6 could induce a functional upregulation of TRPV1 in DRG neurons by examining both shortterm and long-term effects of IL-6 on expression of TRPV1 protein and mRNA as described in a previous report. 74 As shown in Figure 4 , long-term (6-48 hours) rather than short-term (10-90 minutes) exposure of cultured DRG neurons to FIL-6, a mixture of IL-6/sIL-6R (50 ng/mL), produced a significant increase in the expression of TRPV1 total protein. For example, the relative intensity of TRPV1 total protein was statistically increased at 6 hours (1.19 6 0.06, P , 0.01), 12 hours (1.29 6 0.05, P , 0.001), and 24 hours (1.03 6 0.09, P , 0.05) after the incubation of FIL-6 as compared with PBS (0.76 6 0.06) (1-way ANOVA, n 5 5, Fig. 4B ), whereas the expression of TRPV1 total protein was not significantly changed after short-term (up to 90 minutes) exposure of DRG neurons to FIL-6 in contrast to PBS (P . 0.05, 1-way ANOVA, n 5 6, Fig. 4A ). Moreover, we found that the FIL-6-induced increase in TRPV1 total protein (1.29 6 0.08) after long-term (12 hours) exposure of DRG neurons to FIL-6 was almost completely blocked in the presence of anisomycin (50 mM), a general protein synthesis inhibitor (0.83 6 0.08) (P , 0.01, 1-way ANOVA, n 5 4, supplementary data, Figs. S4A and 4B available online as Supplemental Digital Content at http://links. lww.com/PAIN/A65), indicating that the long-term effects of FIL-6 on the upregulation of TRPV1 total protein are probably dependent on nascent protein synthesis through translational regulation. However, no significant alteration was observed on TRPV1 mRNA expression either after short-term or after longterm exposure of DRG neurons to FIL-6 in contrast to PBS (P . 0.05, 1-way ANOVA, n 5 6, Figs. 4C-D) . These results raise the possibility that the increased expression of TRPV1 total protein in DRG neurons after long-term treatment with FIL-6 likely occurs through a translational rather than a transcriptional mechanism.
It is well known that the binding of IL-6 to its signal transducing receptor gp130 can activate downstream JAK/STAT, MAPK/ ERK, and PI3K/AKT signaling pathways. 20 To identify which of the signaling pathways is involved in FIL-6-mediated upregulation of TRPV1 total protein in DRG neurons, the effects of sgp130 (50 ng/mL, an IL-6/sIL-6R trans-signaling inhibitor), AG490 (20 mM, a JAK inhibitor), PD98059 (20 mM, a MEK inhibitor), and LY294002 (20 mM, a PI3K inhibitor) on FIL-6-induced expression of TRPV1 total protein were evaluated in cultured DRG neurons, respectively. The results showed that when cultured DRG neurons were pretreated with the sole inhibitor for 10 minutes followed by cotreatment with FIL-6 (50 ng/mL) for 12 hours, the FIL-6-induced increase in expression of TRPV1 total protein could be dramatically blocked by each of these inhibitors (Figs. 4E-F) . The relative intensity of TRPV1 total protein was statistically decreased in the sgp130 1 FIL-6 group (0.99 6 0.06) as compared with the PBS 1 FIL-6 group (1.32 6 0.05) (P , 0.01, 1-way ANOVA, n 5 6, Fig. 4E) . Similarly, the expression of TRPV1 total protein was also remarkably reduced in the AG490 1 FIL-6 group (0.97 6 0.07), the PD98059 1 FIL-6 group (0.93 6 0.08), and the LY294002 1 FIL-6 group (0.97 6 0.03) in contrast to the DMSO 1 FIL-6 group (1.22 6 0.04), respectively (P , 0.05, 1-way ANOVA, n 5 5, Fig. 4F ). These data indicate that both the MAPK/ERK and the PI3K/AKT signaling pathways are activated by FIL-6 for regulating TRPV1 total protein expression in DRG neurons. As to the JAK/STAT pathway, it is well known that JAK functions to phosphorylate STAT and promote its nuclear transfer and transcriptional function. 9, 20 However, in this study we found that the TRPV1 mRNA level was not significantly altered either after short-term or after long-term exposure of DRG neurons to FIL-6. We reasoned that the JAK/STAT pathway is not involved in the FIL-6-mediated increase of TRPV1 total protein expression. Therefore, JAK probably promotes the expression of TRPV1 total protein through other novel pathways.
Considering the functional significance of membrane TRPV1, we further examined both the short-term and long-term effects of FIL-6 on membrane TRPV1 protein expression in cultured DRG neurons. Unlike TRPV1 total protein, we found that both shortterm (10-90 minutes) and long-term (6-48 hours) exposure of cultured DRG neurons to FIL-6 (50 ng/mL) could produce a prominent increase in expression of TRPV1 membrane protein (Fig. 5) . The relative intensity of TRPV1 membrane protein was statistically increased from 10 minutes to 90 minutes (1.05 6 0.07 FIL-6 at 10 minutes and 1.09 6 0.06 FIL-6 at 90 minutes vs 0.74 6 0.06 PBS, P , 0.01, n 5 6, Fig. 5A ) and from 6 hours to 24 hours (1.04 6 0.06 FIL-6 at 6 hours and 1.13 6 0.05 FIL-6 at 24 hours vs 0.79 6 0.07 PBS, P , 0.05-0.01, n 5 4, Fig. 5B ) after short-term and long-term incubation of FIL-6 in contrast to PBS, respectively (1-way ANOVA). In addition, we found that anisomycin (50 mM), a general protein synthesis inhibitor, blocked the FIL-6-induced increase in membrane TRPV1 protein after a longterm (0.96 6 0.03 FIL-6 1 anisomycin vs 1.26 6 0.04 FIL-6 1 DMSO at 12 hours, P , 0.01) but not a short-term (1.12 6 0.09 FIL-6 1 anisomycin vs 1.15 6 1.00 FIL-6 1 DMSO at 30 minutes, P . 0.05) exposure of DRG neurons to FIL-6 (1-way ANOVA, n 5 3, supplementary data, Figs. S4C and D available online as Supplemental Digital Content at http://links.lww.com/PAIN/A65).
With respect to the downstream signaling pathways, we found that all the following inhibitors of sgp130 (an IL-6/sIL-6R transsignaling inhibitor), AG490 (a JAK inhibitor), PD98059 (a MEK inhibitor), and LY294002 (a PI3K inhibitor) could block the increased expression of TRPV1 membrane protein either after short-term or after long-term exposure of DRG neurons to FIL-6 (P , 0.05-0.001, vs DMSO, 1-way ANOVA, n 5 4-6,
Figs. 5C to F). As described in earlier section, the JAK/STAT pathway mainly functions for transcriptional regulation. 9, 20 However, in this study, we found that JAK promotes membrane TRPV1 protein expression without the participation of transcriptional machinery. In a previous study, Yamada et al. 78 have reported that JAK kinase can activate PI3K cascade in adult T-cell leukemia cells; these findings thereby raise the possibility that JAK may promote membrane TRPV1 protein expression through the activation of PI3K cascade, which is involved in FIL-6-induced upregulation of membrane TRPV1 protein expression on cultured DRG neurons. To test this notion, we explored the cascade between JAK and PI3K by evaluating the effects of AG490 (a JAK inhibitor) on FIL-6-induced phosphorylation of AKT, a downstream effector of PI3K, in cultured DRG neurons. We discovered Note that long-term (6-48 hours) rather than short-term (10-90 minutes) exposure of cultured DRG neurons to FIL-6 induces a significant increase in TRPV1 total protein expression. *P , 0.05, **P , 0.01, ***P , 0.001, compared with the phosphate-buffered saline group, 1-way analysis of variance (ANOVA), n 5 5 to 6 per group. (C and D), Quantitative real-time polymerase chain reaction assay of TRPV1 mRNA expression in cultured DRG neurons after short-term (C) and long-term (D) treatment with FIL-6. Note that no significant alteration is observed on TRPV1 mRNA expression either after short-term or after long-term exposure of DRG neurons to FIL-6 in contrast to phosphate-buffered saline. P . 0.05, 1-way ANOVA, n 5 7 to 8 per group. (E and F), Effects of sgp130 (an IL-6/sIL-6R trans-signaling inhibitor) (E) and AG490 (a JAK inhibitor), PD98059 (a MEK inhibitor) as well as LY294002 (a PI3K inhibitor) (F) on FIL-6-induced TRPV1 total protein expression. Upper: representative of Western blot bands; lower: analysis of the relative intensity of TRPV1 total protein. Note that all these inhibitors can significantly block the FIL-6-induced increase in TRPV1 total protein expression after long-term (12 hours) exposure of DRG neurons to FIL-6. *P , 0.05, **P , 0.01, ***P , 0.001, 1-way ANOVA, n 5 5 to 6 per group. that AG490 could significantly block the FIL-6-induced increase of AKT phosphorylation either after short-term or after long-term exposure of DRG neurons to FIL-6 (Figs. 5G-H) . The relative intensity of phosphorylated AKT (p-AKT) was 0.86 6 0.07 in the AG490 1 FIL-6 group compared with 1.26 6 0.04 in the DMSO 1 FIL-6 group (P , 0.001, n 5 6, Fig. 5G ) after short-term (30 minutes) exposure of DRG neurons to FIL-6 and was 0.81 6 0.06 in the AG490 1 FIL-6 group compared with 1.25 6 0.05 in the DMSO 1 FIL-6 group (P , 0.001, n 5 5, Fig. 5H ) after longterm (12 hours) exposure of DRG neurons to FIL-6 (1-way ANOVA). These results imply that PI3K/AKT is a downstream target of JAK; thus, FIL-6 may promote membrane TRPV1 protein expression through the activation of JAK/PI3K signaling pathway, which is independent on JAK/STAT, a classical transcriptional regulatory pathway. Next, we examined whether the FIL-6-induced increase of membrane TRPV1 on the DRG neurons is functional and whether activation of JAK/PI3K signaling pathway is involved in the FIL-6-mediated functional upregulation of TRPV1 and pain hypersensitivity in normal rats. As shown in Figures 6A-B , after long-term (12 hours) exposure of cultured DRG neurons to FIL-6 (50 ng/mL), the density of capsaicin (0.5 mM)-induced TRPV1 currents in the FIL-6 group (13.44 6 2.20 pA/pF, n 5 14) was significantly increased as compared with the PBS group (6.18 6 0.61 pA/pF, n 5 16, P , 0.01, 1-way ANOVA, Fig. 6A ), and this FIL-6-induced potentiation of TRPV1 currents (in pA/pF) was markedly blocked by IL-6/sIL-6R trans-signaling inhibitor sgp130 (6.68 6 1.67 in the sgp130 1 FIL-6 group, n 5 12 vs 13.44 6 2.20 in the PBS 1 FIL-6 group, n 5 14, P , 0.05, 1-way ANOVA, Fig. 6A ), JAK inhibitor AG490 (4.73 6 0.78 in the AG490 1 FIL-6 group, n 5 18), or PI3K inhibitor LY294002 (5.75 6 0.98 in the LY294002 1 FIL-6 group, n 5 17) (P , 0.01-0.001, compared with the DMSO 1 FIL-6 group 12.05 6 1.82, n 5 19, 1-way ANOVA, Fig. 6B ). Additionally, the behavioral studies revealed that JAK inhibitor AG490, PI3K inhibitor LY294002, or TRPV1 receptor antagonist capsazepine (CPZ) could remarkably block FIL-6-induced mechanical allodynia (Fig. 6C) and thermal hyperalgesia (Fig. 6D) in rats. For instance, 12 hours after drug administration, the FIL-6-induced decrease in PWT (6.95 6 1.26 g, n 5 10) was significantly restored by pretreatment with AG490 (11.86 6 1.26g, P , 0.05, n 5 9), LY294002 (13.20 6 0.81g, P , 0.001, n 5 9), or CPZ (13.22 6 1.15g, P , 0.01, n 5 8) (2-way ANOVA, Fig. 6C) . Similarly, the FIL-6-induced decrease in PWL Figure 6 . Activation of the JAK/PI3K signaling pathway is required for FIL-6-induced functional upregulation of TRPV1 in cultured dorsal root ganglion (DRG) neurons and pain hypersensitivity in normal rats. (A and B) , Effects of IL-6/sIL-6R trans-signaling inhibitor sgp130 (A) as well as JAK inhibitor AG490 and PI3K inhibitor LY294002 (B) on FIL-6-induced potentiation of TRPV1 currents in cultured DRG neurons. Upper: representative traces of capsaicin (CAP, 0.5 mM for 3 seconds)-induced TRPV1 currents. Scale bar: 100 pA, 10 seconds; lower: summary of the TRPV1 current density (in pA/pF) in different groups. Note that after long-term (12 hours) exposure of cultured DRG neurons to FIL-6, the density of capsaicin-induced TRPV1 currents in the FIL-6 group is significantly increased as compared with the phosphate-buffered saline group, and this action of FIL-6-induced potentiation of TRPV1 currents is markedly blocked by sgp130, AG490, and LY294002, respectively. *P , 0.05, **P , 0.01, ***P , 0.001, 1-way analysis of variance, n 5 12 to 19 per group. (C and D), Effects of intrathecal administration of JAK inhibitor AG490, PI3K inhibitor LY294002, or TRPV1 receptor antagonist capsazepine (CPZ) on FIL-6 induced mechanical allodynia (C) and thermal hyperalgesia (D) in normal rats. Note that all these inhibitors can significantly block the FIL-6-induced decreases in both paw withdrawal threshold and paw withdrawal latency in normal rats. *P , 0.05, **P , 0.01, ***P , 0.001 (the AG490 1 FIL-6 group), *P , 0.05, **P , 0.01, ***P , 0.001 (the LY294002 1 FIL-6 group), *P , 0.05, **P , 0.01, ***P , 0.001 (the CPZ 1 FIL-6 group), compared with the DMSO 1 FIL-6 group, 2-way analysis of variance, n 5 8 to 10 per group.
(8.96 6 0.43 seconds, n 5 10) was also significantly restored by pretreatment with AG490 (13.46 6 1.02 seconds, P , 0.001, n 5 9), LY294002 (14.31 6 0.49 seconds, P , 0.001, n 5 9), or CPZ (14.74 6 1.16 seconds, P , 0.001, n 5 9) (2-way ANOVA, Fig. 6D ). These results suggest that activation of the JAK/PI3K signaling pathway is required for both the FIL-6-induced functional upregulation of TRPV1 in DRG neurons and pain hypersensitivity in normal rats.
3.5. Functional upregulation of TRPV1 in dorsal root ganglion neurons contributes to the bone cancer-induced pain in MRMT-1 rats
To further determine whether the IL-6-induced functional upregulation of TRPV1 in DRG neurons through the activation of JAK/PI3K signaling pathway contributes to the pathogenesis of bone cancer pain, we first examined alterations of membrane TRPV1 expression and the capsaicin-induced TRPV1 currents in cancer rat DRG neurons. The results showed that the expression of membrane TRPV1 protein in ipsilateral L4 and L5 DRG was prominently increased on day 14 after surgery in MRMT-1 rats (1.37 6 0.13) compared with sham rats (0.94 6 0.02) (P , 0.01, 2-way ANOVA, n 5 5, Fig. 7A) . Accordingly, the density of capsaicin-induced TRPV1 currents in DRG neurons was also remarkably increased in MRMT-1 rats (63.94 6 9.32 pA/pF, n 5 17) compared with naive rats (39.92 6 5.56 pA/pF, n 5 18) and sham rats (37.93 6 4.63 pA/pF, n 5 20), respectively (P , 0.05, 1-way ANOVA, Fig. 7B ). These data imply a functional upregulation of TRPV1 in DRG neurons in a rat model of bone cancer pain. Moreover, the behavioral study revealed that intrathecal administration of TRPV1 receptors antagonist CPZ (20 mg/10 mL) could apparently attenuate the bone cancerinduced mechanical allodynia and thermal hyperalgesia in MRMT-1 rats. For example, the bone cancer-induced decrease in PWT was significantly restored after the treatment with CPZ (10.51 6 1.09g at day 18 and 9.07 6 1.13g at day 19) compared with the vehicle PBS (4.14 6 0.72g at day 18 and 3.76 6 0.57g at day 19) (P , 0.001, 2-way ANOVA, n 5 10/group, Fig. 7C) . Similarly, the bone cancer-induced decrease in PWL was also markedly restored after the treatment with CPZ (13.25 6 0.73 seconds at day 18 and 12.03 6 0.92 seconds at day 19) compared with the vehicle PBS (8.82 6 0.38 seconds at day 18 and 8.53 6 0.60 seconds at day 19) (P , 0.01-0.001, 2-way ANOVA, n 5 9 CPZ and 10 PBS, Fig. 7D ). These results indicate that functional upregulation of TRPV1 in DRG neurons contributes to the bone cancer-induced pain in MRMT-1 rats. www.painjournalonline.com 1137 3.6. Suppression of functional upregulation of TRPV1 in dorsal root ganglion neurons by the inhibition of JAK/PI3K signaling pathway reduces the overexcitability of dorsal root ganglion neurons and pain hypersensitivity in bone cancer rats
Then, we explored whether suppression of functional upregulation of TRPV1 in DRG neurons by the inhibition of JAK/PI3K signaling pathway could reduce the hyperexcitability of DRG neurons and pain hypersensitivity in bone cancer rats. We examined the effects of pretreatment or posttreatment with JAK/ PI3K inhibitor on functional expression of TRPV1 in DRG neurons as well as on DRG neuron excitability and pain behaviors in bone cancer rats. In the pretreatment experiments, we found that pretreatment with IL-6/sIL-6R trans-signaling inhibitor sgp130, JAK inhibitor AG490, or PI3K inhibitor LY294002 could apparently block the bone cancer-induced functional upregulation of TRPV1 in DRG neurons of MRMT-1 rats (Figs. 8A to D) . 
8G-H).
Similarly, in the posttreatment experiments, we found that the bone cancer-induced functional upregulation of TRPV1 in DRG neurons could also be blocked by posttreatment with IL-6/sIL-6R trans-signaling inhibitor sgp130, JAK inhibitor AG490, or PI3K inhibitor LY294002 (Figs. 9A to D) . The relative intensity of TRPV1 membrane protein in ipsilateral L4 and L5 DRG of bone cancer rats was statistically decreased in the sgp130 group (0.84 6 0.09 sgp130 vs 1.21 6 0.01 PBS, P , 0.05), the AG490 group (0.99 6 0.06, P , 0.05), and the LY294002 group (0.85 6 0.05, P , 0.01), as compared with the vehicle group (DMSO 1.25 6 0.09) (1-way ANOVA, n 5 4, Figs. 9A-B) . The density of capsaicininduced TRPV1 currents (in pA/pF) in cancer rat DRG neurons was also prominently reduced in the sgp130 group (24.57 6 5.37 sgp130 vs 70.24 6 12.01 PBS, P , 0.001, n 5 24), the AG490 group (25.57 6 5.02, P , 0.001, n 5 25), and the LY294002 group (32.98 6 4.71, P , 0.01, n 5 30), as compared with the vehicle group (DMSO 77.04 6 13.02, n 5 25) (1-way ANOVA, Figs. 9C-D). As expected, both the bone cancer-induced hyperexcitability of DRG neurons and pain hypersensitivity were also markedly attenuated by posttreatment with either JAK inhibitor AG490 or PI3K inhibitor LY294002 (Figs. 9E to H) . The spike numbers of APs evoked by a 500-millisecond 300 pA depolarizing current pulse in cancer rat DRG neurons were decreased in the AG490 group (3.64 6 1.05, P , 0.05, n 5 25) and the LY294002 group (3.96 6 1.26, P , 0.05, n 5 24) as compared with the vehicle DMSO group (8.78 6 1.72, n 5 23) (1-way ANOVA, Figs. 9E-F) . With regard to pain behaviors, both the bone cancer-induced decreases in PWT and PWL were significantly restored either by posttreatment with AG490 (PWT: 12.87 6 0.95g and PWL: 12.05 6 0.94 seconds, n 5 9) or by LY294002 (PWT: 11.42 6 1.29g and PWL: 13.26 6 1.27 seconds, n 5 8) as compared with vehicle DMSO (PWT: 5.87 6 1.23g and PWL: 8.37 6 0.74 seconds, n 5 7) (P , 0.05-0.001, 1-way ANOVA, Figs. 9G-H) .
Taken together, these results suggest that suppression of functional upregulation of TRPV1 in DRG neurons by the inhibition of JAK/PI3K signaling pathway, either before surgery or after surgery, can reduce the hyperexcitability of DRG neurons and pain hypersensitivity in bone cancer rats. Therefore, IL-6 may play a role in bone cancer-induced pain by upregulating TRPV1 channels in DRG neurons through JAK/PI3K signaling pathway.
Discussion
We here provide multiple lines of evidence showing that IL-6 plays a vital role in sensitization of DRG neurons and bone cancer pain development through IL-6/sIL-6R trans-signaling. First, we found an elevated expression of IL-6 in cancer rat DRG, which was temporally correlated with the emergence of pain hyperalgesia. 81 Moreover, we suggest that IL-6 contributes to the pathogenesis of bone cancer pain through trans-signaling because only sIL-6R was detected in the DRG. Meanwhile, we discovered an increased expression of sIL-6R and gp130 in cancer rat DRG, which was consistent with IL-6's alterations. Second, we demonstrated that extraneous application of FIL-6, an IL-6/sIL-6R complex that has been widely used in previous studies, 31, 32, 67 could induce overexcitability of DRG neurons and pain hypersensitivity in normal rats. In support of our notion that IL-6 exerts its roles in DRG neurons through IL-6/IL-6R trans-signaling, we indeed found that all of these actions of FIL-6 could be blocked by sgp130, an inhibitor of IL-6/sIL-6R trans-signaling pathway. 10, 12, 32, 65 Similarly, in a rat cancer model, we further clarified that the inhibition of IL-6/sIL-6R trans-signaling by sgp130 could reduce bone cancer-induced hyperexcitability of DRG neurons and pain hypersensitivity. We thus suggest that enhanced IL-6 contributes to the sensitization of DRG neurons and bone cancer pain development through IL-6/sIL-6R trans-signaling. Of course, IL-6 can also enhance cancer pain through spinal cord mechanisms especially after intrathecal injection. It has been found that spinal administration of IL-6 induces central sensitization and heat hyperalgesia in rats, which is suggested to occur through regulating synaptic and neuronal activity in the superficial spinal cord. 36 A recent study has shown that spinal IL-6 also contributes to central sensitization and arthritic pain. 73 Interleukin-6 can induce spinal glial activation, thus playing an important role in neuropathic pain after peripheral nerve injury. 3, 18, 40 An increased expression of spinal IL-6 in cancer rats suggests a central role of IL-6 in bone cancer-induced pain.
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Furthermore, we provide novel evidence validating that IL-6 plays a role in bone cancer pain by upregulating TRPV1 channels in DRG neurons through the activation of JAK/PI3K signaling pathway. We found that expression of TRPV1 protein but not mRNA was significantly increased even after long-term exposure of DRG neurons to FIL-6, suggesting a possible translational modulation. 62 The translational regulation of TRPV1 has been shown in the DRG after inflammation or nerve growth factor (NGF) treatment, 28 or by tumor necrosis factor a (TNF-a) stimulation, 15 while the NGFinduced rapid membrane insertion of TRPV1 also has been found in cultured DRG neurons. 80 Recently, Melemedjian et al. 50 have revealed a potential role of activity-dependent translation control of IL-6 in primary afferent nociceptive plasticity; thus, the IL-6-induced mechanical allodynia is attenuated by inhibitors of translation but not transcription. We observed that protein synthesis inhibitor anisomycin blocked FIL-6-induced increases both in total and membrane TRPV1 protein after a long-term but not a short-term exposure of DRG neurons to FIL-6. This implies that IL-6 induces a rapid upregulation of TRPV1 in the early phase through a directed TRPV1 trafficking to the surface membrane, while in the late phase, a sustained increase in TRPV1 protein is likely dependent on nascent protein synthesis through translational regulation. In agreement with previous studies, 15, 28 we did not detect any change in TRPV1 mRNA levels in the DRG either after short-term or after long-term FIL-6 treatment, further supporting our notion that the IL-6-induced upregulation of TRPV1 is a transcriptionindependent regulation. Along with an elevated expression of membrane TRPV1 protein, we discovered that the capsaicininduced TRPV1 currents were potentiated after long-term FIL-6 treatment, implying that the FIL-6-induced increase of membrane TRPV1 on the DRG neurons is functional. Indeed, IL-6/gp130 complex is involved in heat hypersensitivity by increasing TRPV1 currents. 2, 58 Therefore, blockade of TRPV1 receptor using a selective antagonist capsazepine or a null mutation of TRPV1 gene 2, 38 can rescue FIL-6-induced pain hypersensitivity.
Multiple signaling pathways including JAK/STAT, MAPK/ERK, and PI3K/AKT pathways are involved in IL-6-mediated physiological and pathophysiological functions. 20, 21, 27, 69 We found that JAK inhibitor AG490 could block FIL-6-induced upregulation of total and membrane TRPV1 protein, suggesting that JAK is involved in IL-6-mediated TRPV1 regulation at a translational level. Moreover, IL-6-induced PI3K activation can be shown by AKT phosphorylation both after short-term and long-term exposure of DRG neurons to FIL-6. In addition, the JAK inhibitor AG490 can also block FIL-6-induced phosphorylation of AKT, a downstream effector molecule of PI3K. These results suggest that JAK may upregulate TRPV1 protein at a translational level through PI3K/AKT pathway in FIL-6-treated DRG neurons. In support of this notion, we discovered that both FIL-6-induced functional upregulation of TRPV1 and pain hypersensitivity could be blocked by JAK inhibitor AG490 or PI3K inhibitor LY294002. Certainly, the ERK pathway is also involved in IL-6-mediated protein translation in sensory neurons, 50 and activation of PI3K by NGF can promote TRPV1 trafficking to the plasma membrane. 70 However, PI3K can activate ERK in DRG neurons and mediate inflammatory heat hyperalgesia through TRPV1 sensitization. 83 Hence, we cannot exclude the contribution of the ERK pathway, either directly activated by IL-6 or indirectly activated by PI3K, to FIL-6-induced functional upregulation of TRPV1 in DRG neurons. Indeed, we found that the MEK inhibitor PD98059 blocked FIL-6-induced upregulation of TRPV1 protein in DRG neurons.
Compared with delayed upregulation of TRPV1 after IL-6 treatment, TNF-a has been shown to cause a rapid upregulation of TRPV1 in DRG neurons within 1 h. 15 Tumor necrosis factor a induces fast sensitization and upregulation of TRPV1 through p38/MAP kinase-and protein kinase C (PKC)-dependent pathways, thereby playing a role in heat hyperalgesia in a mouse cancer model. 15 Although TNF-a can induce upregulation of TRPV1 within several hours, 37, 55 this upregulation is dependent on ERK but not p38/MAP kinase. 26, 66 Thus, IL-6 may upregulate TRPV1 through intracellular pathways that are different from those of TNF-a.
It is well established that functional upregulation of TRPV1 in DRG neurons plays a critical role in bone cancer pain. 23, 24, 35, 57, 60, 77 Indeed, we found that both the membrane TRPV1 expression and the capsaicin-induced TRPV1 currents are significantly increased in cancer rat DRG neurons, and intrathecal administration of TRPV1 antagonist capsazepine attenuates bone cancer-induced pain. It has been shown that the activation of TRPV1 may induce an increase in intracellular calcium level. 4, 14, 39 The rise in calcium leads to the activation of multiple intracellular calcium-sensitive protein kinases, which are responsible for the modulation of sensory neurons excitability. 6, 39, 43, 54 Together with our current findings that sgp130 not only represses the functional upregulation of TRPV1 in DRG neurons but also reduces the neuronal hyperexcitability and attenuates pain hypersensitivity in bone cancer rats, we suggest that IL-6 may play its role in bone cancer-induced pain by promoting functional upregulation of TRPV1 in DRG neurons through IL-6/sIL-6R trans-signaling. Additionally, our in vivo study further proved that suppression of functional upregulation of TRPV1 in DRG neurons through the inhibition of JAK/PI3K signaling pathway, either before surgery or after surgery, could reduce the hyperexcitability of DRG neurons and pain hypersensitivity in bone cancer rats. Thus, activation of the JAK/PI3K signaling cascade is involved in IL-6-induced functional upregulation of TRPV1 in DRG neurons, which subsequently leads to the sensitization of primary sensory neurons and bone cancer pain development.
Aside from intrathecal administration, we found that all inhibitors used for these signaling pathways (IL-6/JAK/PI3K/ TRPV1) could also prevent IL-6-and bone cancer-induced pain hypersensitivity after being intraplantarly delivered to rats (supplementary data, Figs. S2 and S3 available online as Supplemental Digital Content at http://links.lww.com/PAIN/A63 and http://links.lww.com/PAIN/A64). We conclude that a role for these pathways in bone cancer-induced hyperalgesia also exists at the peripheral terminals of DRG neurons.
Certainly, we cannot rule out the role of sodium channels in the actions of IL-6 because of the fact that IL-6 can increase the neuronal spike number, which is related to the modulation of sodium channels. 11, 49, 75 In fact, Yan et al. 79 have reported that IL-6 enhances the excitability of dural afferents through the modulation of Nav1.7 sodium channels. Activation of peripheral TRPV1 receptors in the colon leads to a functional upregulation of sodium channels in bladder sensory neurons, 41 while axon reflexes evoked by TRPV1 activation are mediated by tetrodotoxin-resistant sodium channels in intestinal afferent nerves. 51 Thus, IL-6 may also sensitize DRG neurons through the modulation of sodium channels, either in a direct manner or through TRPV1 activation. Besides IL-6, other proinflammatory cytokines including IL-1b 5 and TNF-a 30 can also increase the activities of tetrodotoxin-resistant sodium channels or promote their expression in uninjured DRG neurons after nerve injury. 25 Whether these cytokines have a synergistic effect with regard to the ability of IL-6 to sensitize DRG neurons and mediate bone cancer pain needs be further explored.
In conclusion, our data suggest that IL-6 plays a crucial role in the sensitization of DRG neurons and bone cancer pain development through IL-6/sIL-6R trans-signaling. Moreover, functional upregulation of TRPV1 in DRG neurons through the activation of JAK/PI3K signaling pathway contributes to the effects of IL-6 on the pathogenesis of bone cancer pain. We here disclose a novel intracellular pathway, the IL-6/JAK/PI3K/ TRPV1 signaling cascade (Fig.10) , which may underlie the development of peripheral sensitization and bone cancerinduced pain.
